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Kinesin Transports RNA:
Isolation and Characterization
of an RNA-Transporting Granule
an important protein-sorting mechanism (Bassell and
Singer, 2001; Gardiol et al., 2001; Kindler et al., 2001;
Steward and Worley, 2001). The majority of mRNAs in
neurons are found in the cell body, but a certain popula-
tion of mRNAs is transported to dendrites. Dendritic
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protein synthesis can accompany plasticity (Ouyang et7-3-1 Hongo, Bunkyo-ku
al., 1999; Wu et al., 1998) and may participate in long-Tokyo 113-0033
lasting changes in synaptic strength (Casadio et al.,Japan
1999; Huber et al., 2000; Kang and Schuman, 1996; Mar-2 Biomolecular Characterization Division
tin et al., 1997; Raymond et al., 2000). Several proteinsRIKEN (The Institute of Physical
that are associated with RNA transport have been exten-and Chemical Research)
sively studied (e.g., hnRNP-A2 [Ainger et al., 1997; Hoek2-1 Wako
et al., 1998], staufen [Ephrussi et al., 1991; FerrandonSaitama 351-0198
et al., 1994; Li et al., 1997; St Johnston et al., 1991], andJapan
FMRPs [FMR1, FXR1, and FXR2] [Bardoni et al., 2001]),
as have the mRNAs being transported (e.g., mRNAs for
-actin [Bassell et al., 1998; Kislauskis et al., 1993],Summary
MAP2 [Blichenberg et al., 1999; Garner et al., 1988],
calcium/calmodulin-dependent kinase II [CaMKII]RNA transport is an important and fundamental event
[Blichenberg et al., 2001; Burgin et al., 1990; Mori et al.,for local protein synthesis, especially in neurons. RNA
2000], and Arc [Link et al., 1995; Lyford et al., 1995;is transported as large granules, but little is known
Steward and Worley, 2001]). Recently, staufen-enrichedabout them. Here, we isolated a large RNase-sensitive
RNA-containing granules were isolated (Krichevsky andgranule (size: 1000S) as a binding partner of conven-
Kosik, 2001), and the proteins that are involved in RNAtional kinesin (KIF5). We identified a total of 42 proteins
transport have been identified one by one (e.g., Pur with mRNAs for CaMKII and Arc in the granule. Sev-
[Ohashi et al., 2002], Me31B [Nakamura et al., 2001],enteen of the proteins (hnRNP-U, Pur  and , PSF,
and ZBP1 [Zhang et al., 2001]). However, there is littleDDX1, DDX3, SYNCRIP, TLS, NonO, HSPC117, ALY,
comprehensive information available about the RNA-CGI-99, staufen, three FMRPs, and EF-1) were exten-
transporting granules or the relationship among the as-sively investigated, including their classification, bind-
sociated proteins. It was reported that RNA transporting combinations, and necessity for the “transport” of
requires microtubule-dependent motors (kinesin andRNA. These proteins and the mRNAs were colocalized
dynein) (Brendza et al., 2000; Carson et al., 2001; Carsonto the kinesin-associated granules in dendrites. The
et al., 1997), but how the motor proteins transport RNAgranules moved bidirectionally, and the distally di-
remains unknown.rected movement was enhanced by the overexpres-
Here, we show the isolation of a detergent-resistant,sion of KIF5 and reduced by its functional blockage.
RNase-sensitive granule (1000S) composed of manyThus, kinesin transports RNA via this granule in den-
kinds of proteins from mouse brain as a binding partnerdrites coordinately with opposite motors, such as
of kinesin. We primarily determined 12 major proteinsdynein.
in the granule: Pur , a protein associated with RNA
transport, and its family protein, Pur  (Kelm et al., 1997);Introduction
eight RNA-associated proteins (hnRNP-U [Kiledjian and
Dreyfuss, 1992], PSF [Chanas-Sacre et al., 1999], DDX1
Kinesin superfamily proteins (KIFs) are the molecular [Godbout and Squire, 1993], DDX3 [Sowden et al., 1995],
motors that transport cargos along microtubules. More SYNCRIP [Mizutani et al., 2000], TLS [Yang et al., 1998],
than 40 KIFs have been identified in mammals (Hiro- NonO [Yang et al., 1993], and ALY [Bruhn et al., 1997]);
kawa, 1998; Miki et al., 2001), and kinesin, composed and two proteins whose functions remain unknown
of two heavy chains (KHC or KIF5) and two light chains (HSPC117 [Zhang et al., 2000] and CGI-99 [Lai et al.,
(KLC), was identified originally (Brady, 1985; Vale et al., 2000]). Interestingly, this granule included staufen,
1985). To understand the functions of KIFs, attempts FMRPs, EF-1, and the mRNAs for CaMKII and Arc,
have been made to identify molecules that bind KIFs suggesting that we have isolated an RNA-transporting
to cargos. Our group previously reported that KIF13A granule. We classified these proteins according to their
transports the mannose-6-phosphate receptor via 1- condition for dissociation from KIF5 and determined
adaptin and that KIF17 binds to mLin-10 to transport their direct binding combinations in the granule. Light
the NMDA receptor in dendrites (Nakagawa et al., 2000; microscopic studies revealed the colocalization of the
Setou et al., 2000). proteins and mRNAs to the Pur -containing granules in
In this study, we elucidate the transport of RNA by dendrites. These granules were associated with kinesin
kinesin. In many cell types, but especially in neurons, the and were transported bidirectionally, indicating a tug-
targeting of mRNAs to distinct cellular compartments is of-war between kinesin and opposite motors, such as
dynein. The distally directed movement of the granules
was enhanced by the overexpression of KIF5 and re-*Correspondence: hirokawa@m.u-tokyo.ac.jp
Neuron
514
Figure 1. Isolation of a Protein-RNA Com-
plex Using KIF5 Tail
(A) GST-KIF5 fusion constructs to isolate pro-
teins binding to KIF5 tail (GST-HCF). KIF5A,
KIF5B, and KIF5C are abbreviated to 5A, 5B,
and 5C, respectively. Numbers indicate the
positions of amino acids on each KIF5 (Kanai
et al., 2000).
(B) Pull-down using each GST-HCF and con-
trol GST from fraction S2 of mouse brain.
Many bands were pulled down as similar pat-
terns by each KIF5 tail.
(C) Determination of the binding domain on
the KIF5 sequence. C3 was necessary and
sufficient to pull down all the bands and was
named MBS (minimal binding site).
(D) Sequential elution in the pull-down assay
by stepwise increases in NaCl concentration.
Twelve proteins were identified, hnRNP-U
and Pur proteins ( and ) being the last to
be eluted.
(E) Pull-down with or without heparin and
tRNA. These reagents decreased few, if any,
bands in the pull-down samples.
(F) (Left) Pull-down samples with an RNase
inhibitor (lane 1) or RNase (lane 2), 10 g of
brain crude extract (corresponded to the 1:2
dilution of the input for pull-down, lane 3),
and 1:20 diluted samples of lanes 1 and 2
(lanes 4 and 5, respectively). (Right) Immu-
noblotting of lanes 3 to 5 using antibodies
against identified and marker proteins for
RNA transport (staufen, FMRPs, and EF-1),
spliceosome (U1snRNP-70 [U1snRNP]), ER
(BiP), and synaptic vesicles (synaptophysin
[p38]). Twelve identified and five RNA-trans-
porting proteins were pulled down in an
RNase-sensitive manner, whereas others
were not isolated even in the presence of
RNase inhibitor. See also Supplemental Fig-
ure S1 [http://www.neuron.org/cgi/content/
full/43/4/513/DC1] for whole lanes.
(G) Immunoprecipitation by antibodies against KIF5s, hnRNP-U, Pur proteins, and a control motor protein, KIF3B. Precipitants were examined
using antibodies against KIF5s, identified proteins, marker proteins, and KIF3B. In addition to the identified proteins, the RNA-transporting
proteins were coprecipitated.
(H) RT-PCR on the pull-down samples by N1 and C1 and control brain mRNA. The mRNAs for CaMKII and Arc but not for GAPDH or
-tubulin were specifically pulled down by N1.
duced by its functional blockage, confirming the involve- (Figure 1A) (Nakagawa et al., 2000). We applied fraction
S2 of mouse brain to each GST-HCF column and specifi-ment of kinesin in their transport. We also examined the
necessity of the identified proteins in the “transport” of cally isolated many bands having similar patterns (Figure
1B). To clarify how these proteins were isolated, weRNA using RNAi. Finally, we performed a 2D-PAGE study
followed by a MS/MS analysis (2D-MS/MS) to systemati- conducted a series of deletion studies to investigate
their binding domains on KIF5 (Figure 1C). Surprisingly,cally identify the proteins in the granule and determined
a total of 42 proteins including those for RNA transport, all proteins were pulled down by a conserved sequence
of 59 amino acids (C3) in a necessary and sufficientprotein synthesis, translational silencing, and so on.
Thus, kinesin transports RNA selectively in dendrites via manner; which we named “minimal binding site” (MBS).
This result suggested that the proteins were isolatedthis granule—our data shedding new light on the study
of RNA transport. as a “complex” rather than separately. Among these
constructs, we focused on N1 and C1, which had the
same size and similar -helical structures. N1 con-Results
tained MBS and pulled down proteins like MBS, whereas
MBS-lacking C1 did not isolate any band at all. WeIsolation of an RNA-Transporting Complex
Using KIF5 Tail then used N1 and C1 as the binding fragment and
its nonbinding control, respectively.Kinesin binds to the cargos via its tail domain. To isolate
the binding partner of kinesin, we fused KIF5 tails to KIF5 tail isolated many proteins. We then eluted the
column with increasing salt conditions to determine theglutathione S-transferase (GST) to create affinity col-
umns (GST-HCF5A, GST-HCF5B, and GST-HCF5C; “key” proteins that were more strongly bound to KIF5
(Figure 1D). Three proteins (hnRNP-U, Pur , and Pur )“HCF” stands for “hinge to the C-terminal fragment”)
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were eventually eluted, and they became the primary
focus. We also identified nine proteins from the fractions
that were eluted under lower salt conditions (PSF, DDX1,
DDX3, SYNCRIP, TLS, NonO, HSPC117, ALY, and CGI-
99). Since Pur  and some DDX proteins (vasa and
Me31B, the Drosophila homologs of DDX4 and -6, re-
spectively) are included in the RNA-transporting gran-
ules (Breitwieser et al., 1996; Nakamura et al., 2001;
Ohashi et al., 2002) and hnRNP-U is transported toward
the cell periphery in association with viral RNPs (Gupta
et al., 1998), we assumed the complex to be an RNA-
transporting one.
Since we identified many RNA-associated proteins in
the complex, we examined possible nonspecific bind-
ings prior to any further investigations. We used heparin
and tRNA to investigate the specificity of protein-RNA
interactions (Shan et al., 2000) and any RNA-mediated
linkage between KIF5 and the complex, respectively
(Figure 1E). These reagents decreased few, if any, bands
in the pull-down sample, indicating just specific protein-
RNA interactions in the complex and the absence of any
linker RNA between KIF5 and the complex. On the other
hand, RNase treatment dramatically decreased the iso-
lated proteins, confirming the presence of RNA in the
complex (Figure 1F and also see Supplemental Figure
S1 [http://www.neuron.org/cgi/content/full/43/4/513/
DC1]). Interestingly, five RNA transport-associated pro-
teins (staufen, three FMRPs, and EF-1) were pulled
down in the same manner, whereas the marker proteins
for spliceosome (U1snRNP-70), ER (BiP), and synaptic
vesicles (synaptophysin [p38]) were not isolated even
in the presence of RNase inhibitor. Further immuno-
precipitation studies using antibodies against KIF5s,
hnRNP-U, and Pur proteins (Figure 1G) and those
against the identified proteins together with staufen,
FMRPs, and EF-1 (see Supplemental Figure S2) sug-
gested the presence of the complex containing the 12
identified and five RNA-transporting proteins and its
association with kinesin. Since the RNA-transporting
proteins showed colocalization to the Pur -containing
granules in dendrites (Figure 4A and also see Supple-
mental Figure S3), we added them to the proteins in the
complex. Using RT-PCR, we also investigated the RNAs
to be transported in the complex. The mRNAs for
CaMKII and Arc but not those for the control GAPDH
or tubulin were pulled down by N1 but not by C1
Figure 2. The Complex Has a Large S Value of 1000
(Figure 1H). These data strengthened our belief that we
(A) Effects of Triton X-100 and RNase on the complex. “P” and
had isolated an RNA-transporting complex from mouse “S” are the fractions P3 and S3 from mouse brain, respectively.
brain using KIF5 tail. hnRNP-U, Pur proteins, and staufen in fraction P3 were Triton X-100
resistant but RNase sensitive. On the other hand, BiP and p38 in
the same fraction were Triton X-100 sensitive but RNase resistant.The Complex Is Not a Vesicle
(B) Sucrose floatation assay. hnRNP-U, Pur proteins, and staufenWe investigated the basic features of the complex by
did not float from the sample layer containing 50% sucrose, whereas
using a subcellular fractionation study (Figure 2A). A BiP and p38 floated to the 0%/40% border.
large portion of hnRNP-U, Pur proteins, and staufen was (C) Velocity gradient study centrifuged for 1, 0.5, and 6 hr with or
found in fraction P3, remaining in the presence of Triton without detergent (1% Triton X-100 and 1% Chaps) or RNase.
hnRNP-U, Pur proteins, and staufen showed similar patterns to eachX-100 but disappearing after RNase treatment, whereas
other. The fastest fraction of Pur proteins reached the second frac-the vesicle proteins (BiP and p38) in the same fraction
tion from the bottom after centrifugation for 0.5 hr, whereas p38showed the reverse properties (detergent sensitive but
and the slowest fraction of rRNA only appeared in the center frac-
RNase resistant). To confirm that the complex was not tions even after 6 hr centrifugation. Thus, the fastest fraction of Pur
a vesicle, we performed a sucrose floatation assay, ex- proteins sank more than 12 times as fast as p38 (115 S); thus, the
pecting that vesicles would float from the sample-load- S value of the complex was calculated to be 1000 or more. hnRNP-U,
Pur proteins, KIF5s, KIF3B, staufen, U1snRNP-70, BiP, p38, anding layer with 50% sucrose (Figure 2B). BiP and p38
rRNA were examined as indicated.floated to the border between 0% and 40% sucrose,
Neuron
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Figure 3. Classification and Binding Rela-
tionships of the Identified Proteins
(A) RNase-resistant binding among the identi-
fied proteins. Immunoprecipitation was per-
formed in the presence of an RNase inhibitor
or after RNase treatment for 10 hr. Pur  and
 (*), PSF and NonO (**), and DDX1 and CGI-
99 () showed strong interaction with each
other, and EF-1 was efficiently coprecipi-
tated with CGI-99 (#), even after RNase treat-
ment. See also the full data set in Supplemen-
tal Figure S2 [http://www.neuron.org/cgi/
content/full/43/4/513/DC1].
(B) Subcellular distribution of the identified
proteins. Nuclear (“N” and its 1/10 diluted
lane “1/10 N”) and cytoplasmic fractions (P,
P3; S, S3) from mouse brain were subjected
to immunoblotting. Major parts of hnRNP-U,
PSF, TLS, NonO, and ALY were found in the
nucleus, whereas others were found in the cy-
toplasm.
(C) The elution conditions for staufen,
FMRPs, and EF-1 in the pull-down study
were determined by immunoblotting. The
fraction numbers correspond to those in Fig-
ure 1D.
(D) Classification of the proteins by their elu-
tion conditions (classes A to C). Nuclear and
cytoplasmic dominant proteins are indicated
in bold and plain text, respectively. We linked
the RNase-resistant interactions with double
lines and indicated the known function of
each protein in parentheses.
whereas hnRNP-U, Pur proteins, staufen, the major part 80S, polysomes  80S) as size markers. For this pur-
pose, we prepared two sets of fractions centrifuged forof KIF5s, and rRNA sank into the 70% sucrose layer.
We thus concluded that the complex was a protein-RNA 0.5 or 6 hr, respectively. Pur proteins reached the second
fraction from the bottom after centrifugation for 0.5 hr.complex but not a vesicle-type cargo.
On the other hand, p38 and the slowest rRNA appeared
around the center even after 6 hr centrifugation. Thus,The Complex Is a Granule with a Large Size
of 1000S the fastest fraction in the complex sank more than 12
times as fast as p38 or free rRNA; thus, its size wasAs the complex was large enough to be found in fraction
P3, we performed a velocity gradient study to estimate calculated to be 1000S or more. The size was consistent
with our immunofluorescence studies observing com-its size (Figure 2C). First, we examined fractions that
were centrifuged for 1 hr. hnRNP-U, Pur proteins, and plex proteins as large “granules” in dendrites (Figure 4).
Hence, we decided to refer to the complex as a granule.staufen showed similar patterns to each other and ap-
peared in the broad fractions from the bottom to the top
in an RNase-sensitive but detergent-resistant manner, Direct Binding Combinations among
the Identified Proteinscorroborating their inclusion in the same protein-RNA
complex (Figure 1G and also see Supplemental Figure Although many proteins in the granule remained uniden-
tified (Figure 1D), it was important to determine the bind-S2 [http://www.neuron.org/cgi/content/full/43/4/513/
DC1]). BiP and p38 were detergent sensitive but RNase ing relationships among those that were identified. We
thus performed immunoprecipitation studies with orresistant, as is shown in Figure 2A. KIF3B and U1snRNP-
70 appeared only in the fractions slower than p38. A without RNase treatment (Figure 3A and also see Sup-
plemental Figure S2 for the full set [http://www.neuron.certain amount of KIF5s remained in the fast fractions
in the presence of either detergent or RNase, indicating org/cgi/content/full/43/4/513/DC1]). Each antibody pre-
cipitated all 17 proteins in the presence of an RNasethat kinesin transports various kinds of cargos, including
RNase-sensitive ones. inhibitor, indicating their bindings to each other, directly
or indirectly. RNase treatment decreased their coprecip-The RNase inhibitor that we used suppressed only
certain kinds of RNases (A, B, C, 1, and T1). This means itation dramatically; however, Pur  and , PSF and
NonO, and DDX1 and CGI-99 showed strong interac-that other RNases might damage the complex during
sample preparation. We thus focused on the fastest tions with each other, and EF-1 was efficiently copre-
cipitated by CGI-99, suggesting their close or directfraction of the complex to estimate its S value using p38
(synaptic vesicle  115S) and rRNA (free ribosome  bindings.
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Figure 4. Colocalization of the Identified Pro-
teins and KIF5 to the Pur -Containing Gran-
ules in Dendrites
(A) Colocalization of Pur , DDX3, SYNCRIP,
and staufen to the Pur -containing granules
in dendrites (arrowheads). See also Supple-
mental Figure S3 [http://www.neuron.org/
cgi/content/full/43/4/513/DC1] for colocaliza-
tion of FMRPs and EF-1 to the Pur -con-
taining granules.
(B) hnRNP-U and PSF showed nuclear local-
ization (left); however, they were also found in
granules in cytoplasm after pepsin treatment
(right, arrowheads).
(C) GFP-hnRNP-U and GFP-PSF colocalized
to intrinsic Pur -containing granules in den-
drites (arrowheads).
(D) KIF5A and Pur  in cultured neurons per-
meabilized with Triton X-100 before fixation
to remove free and vesicle bound kinesin.
KIF5A bound to the Pur -containing
granules.
(E) Effect of RNase on the Pur -containing
granules in cultured neurons. Cells were per-
meabilized with Triton X-100 in the presence
of RNase before fixation. Granular staining of
Pur  disappeared. Scale bar, 50 m.
mRNAs are transcribed in the nucleus and then trans- ever, five (hnRNP-U, PSF, TLS, NonO, and ALY) were
observed only in the nucleus (Figure 4B, left; hnRNP-Uported to the cytoplasm. Some proteins may bind to
the RNA (directly or indirectly) in the nucleus, whereas and PSF shown as examples). Since the cytoplasmic
fractions of these “nuclear” proteins were mainly recov-others do so in the cytoplasm. We thus investigated
their subcellular distribution by immunoblotting (Figure ered from fraction P3 (Figure 3B) and the antibodies
were generated against their C-terminal sequences,3B) and immunofluorescence (Figure 4). Twelve proteins
(Pur proteins, DDX1, DDX3, SYNCRIP, HSPC117, CGI- these proteins (or their epitope regions) might be hidden
inside the granules where the antibodies could not99, staufen, FMRPs, and EF-1) were predominantly
found in the cytoplasm, while the others (hnRNP-U, PSF, reach. Indeed, PSD-95, embedded in the postsynaptic
density, was not detected in the synaptic area withoutTLS, NonO, and ALY) were found in the nucleus. Their
classifications are summarized in Figure 3D based on protease treatment (Fukaya and Watanabe, 2000). We
thus treated neurons with pepsin, expecting that thetheir eluting conditions (Figures 1D and 3C), together
with the information about their localizations (Figures “embedded” proteins would be exposed to the antibod-
ies (Figure 4B, right). hnRNP-U and PSF were observed3B and 4) and binding combinations (Figure 3A).
as granules in dendrites in addition to their nuclear stain-
ing, while Pur was hardly detected after this treatmentColocalization of the Identified Proteins, KIF5,
and mRNAs to the Pur -Containing (data not shown). To examine the relationship between
hnRNP-U/PSF-containing granules and Pur , we trans-Granules in Dendrites
Next, we performed immunofluorescence studies to in- fected GFP-hnRNP-U or GFP-PSF to cultured neurons
(Figure 4C). Cytoplasmic fractions of each GFP-fusedvestigate the distribution of the proteins in the nervous
system. Eight proteins (Pur , DDX3, SYNCRIP, staufen, protein were found in parts of the Pur -containing gran-
ules in cell bodies and dendrites, indicating the inclusionFMRPs, and EF-1) showed somatodendritic patterns
colocalizing to the Pur -containing granules in den- of hnRNP-U and PSF in the Pur -containing granules.
Kinesin transports many kinds of cargos. On the otherdrites (Figure 4A and Supplemental Figure S3 [http://
www.neuron.org/cgi/content/full/43/4/513/DC1]); how- hand, parts of kinesin exist diffusely in cytoplasm in a
Neuron
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KIF5 Transports the Granules Selectively
in Dendrites
How are the granules transported in dendrites? We
transfected GFP-Pur  to cultured neurons and traced
the GFP-Pur -containing granules every 20 s (Figure
6). Some showed processive movements in both direc-
tions in dendrites at 2.0–2.4 m/20 s (0.1–0.12 m/s),
while others showed “rapid” back-and-forth vibrating
movements lowering their “net” speeds to 0.2–1.0
m/20 s (0.01–0.05 m/s). This movement pattern was
quite similar to that of the mRNA for CaMKII (Rook et
al., 2000), and the speeds of the granules with pro-
cessive movements were almost equal to that of the
mRNA for Arc in the stimulated neurons (300 m/hr)
(Wallace et al., 1998). These results strengthened our
conclusion that the Pur -containing granules transport
RNA in dendrites. We obtained similar results using
GFP-PSF (data not shown).
The back-and-forth movement of the granules corrob-
orated a previous report that both directional motors
(kinesin and dynein) play at a tug-of-war in the RNA
transport (Carson et al., 2001). To confirm the involve-
ment of KIF5 in this movement, we transfected YFP-
Pur  to cultured neurons with CFP-KIF5, a dominant-
negative mutant (CFP-N1), or nonfunctional controls
(CFP-C1 and pBluescript) and measured the farthest
transported distance of the YFP-Pur -containing gran-
ules in each neuron (Figure 7). CFP-KIF5A enhanced theFigure 5. Colocalization of mRNAs for CaMKII and Arc to the Pur
-Containing Granules in Dendrites transport of the granules toward the distal direction,
whereas CFP-N1 reduced it. CFP-C1 showed a simi-Fluorescence in situ hybridization of mRNA for CaMKII, Arc, or
-tubulin, double stained with Pur . mRNAs for CaMKII and Arc lar result to that of the non-protein-generating control
but not for -tubulin were colocalized to the Pur -containing gran- pBluescript. These data indicated that exogenous KIF5
ules in dendrites (arrowheads). Scale bar, 50 m. shifted the balance between kinesin and dynein toward
the kinesin side, whereas its dominant-negative mutant
disturbed the function of intrinsic kinesin, helping thecargo-unbound form (Kanai et al., 2000). To investigate
opposite side. Thus, kinesin transports RNA in coordina-the association of kinesin to the Pur -containing gran-
tion with minus-end motors.ules, we took advantage of the granules being Triton
Surprisingly, the majority of CFP-KIF5A was found inX-100 resistant (Figures 1 and 2) and removed cargo-
the axon, whereas the Pur -containing granules wereunbound or vesicle-associated kinesin by permeabiliz-
transported exclusively to the dendrites. Consideringing neurons with Triton X-100 before fixation (Figure
the somatodendritic distribution of Pur  (Figure 4 and4D). We observed the association of KIF5A to the Pur
also see Supplemental Figure S3 [http://www.neuron.-containing granules in the Triton X-100-extracted neu-
org/cgi/content/full/43/4/513/DC1]), we concluded thatrons. The granules disappeared by adding an RNase
KIF5 transports the granules selectively in dendrites.to the permeabilizing buffer (Figure 4E), confirming the
granules to be Triton X-100 resistant but RNase sensitive
in situ. Essential/Nonessential Proteins
for the Transport of RNATo investigate the distribution of RNA, we performed
a fluorescence in situ hybridization, double stained with Among the proteins that are associated with RNA trans-
port, some are essential for the transport of RNA (e.g.,the antibody against Pur . The mRNAs for CaMKII
and Arc but not for -tubulin were colocalized to the staufen [Tang et al., 2001]) while others are not (e.g.,
FMR1 [Steward et al., 1998] and Me31B [Nakamura etPur-containing granules (Figure 5), indicating the inclu-
sion of the RNAs to be transported in the granules. al., 2001]). To obtain the basic information about the
function of the proteins in the granule, we performed anThe granule that was pulled down by KIF5 tail and the
Pur -containing granules in dendrites shared the same RNAi study monitoring the transport of CaMKII 3-UTR
via an MS2 plasmid system (Rook et al., 2000) (Figureproperties. They were Triton X-100 resistant but RNase
sensitive. They were associated by KIF5 and contained 8). Pur , hnRNP-U, PSF, DDX3, SYNCRIP, and staufen
were successfully knocked down. The dispersed distri-the same proteins and RNAs. The size of the granules
observed in dendrites corroborated the calculated size bution of the RNA in dendrites was suppressed by the
loss of Pur , hnRNP-U, PSF, and staufen, whereas theof 1000S or more. Taking these findings together, we
concluded that the granule that was isolated by KIF5 knockdown of DDX3 and SYNCRIP showed little, if any,
effect on it. Thus, the former could be involved in thetail was identical to the Pur -containing granules ob-
served in dendrites and that kinesin transports RNA via transport of RNA, while the latter would play other roles,
such as the regulation of translation (Nakamura et al.,this granule in dendrites.
Kinesin Transports RNA
519
Figure 6. Movement of the Granules
(A) A neuron transfected with GFP-Pur . We show a time-lapse movie of the rectangular area in the upper panels in (B). Scale bar, 10 m.
(B) Two examples of the movement of the granules for 180 s with 20 s intervals. Scale bar, 2 m.
(C) Time course distances of the two granules from the start point traced by the arrowheads in panel (B) (left) and the final moved distances
of 60 granules at 180 s (average: 0.42 	 2.1 m) (right).
(D) Changes in the speeds of the sample granules (left) and a histogram of the max speed of the 60 granules (e.g., speeds indicated by the
arrows in the left panel, absolute value) (average: 0.034 	 0.025 m/s) (right).
2001). Starting with this information, precise functional KIF5 Binds to the Granule Directly
Kinesin transports various kinds of cargos, most medi-analysis of the proteins in the granule should reveal the
mechanisms for the transport of RNA and local pro- ated by KLC; however, KLC was not identified in the pull-
down sample by 2D-MS/MS analysis (see Supplementaltein synthesis.
Figure S4 [http://www.neuron.org/cgi/content/full/43/4/
513/DC1]) or by immunoblotting (data not shown). ThisProteomics Analysis of the RNA-Transporting
indicated that the KLC-mediated cargos were not iso-Granule
lated and that the granule was isolated directly by KIF5,We identified and characterized 17 proteins in the RNA-
not via KLC. The granule might be isolated selectivelytransporting granule; however, many bands remained
among the cargos directly bound to KIF5 (myosin-Vaunsolved (Figure 1D). To systematically determine the
[Huang et al., 1999], kinection [Ong et al., 2000], GRIP1proteins, we performed a 2D-MS/MS study and identi-
[Setou et al., 2002], and -dystrobrevin [Macioce et al.,fied 34 proteins from 67 spots (see Supplemental Figure
2003]), due to their probable higher affinity or abun-S4 [http://www.neuron.org/cgi/content/full/43/4/513/
dance. Nevertheless, since it cannot be excluded, theDC1]). Together with the initially identified proteins, we
role of KLC in the RNA transport should be examined.found a total of 42 proteins in the granule (Table 1).
Interestingly, most of them were RNA-associated pro-
teins, functioning for RNA transport, protein synthesis, Size of the Granule
translational silencing (RNA helicases), and so on. Thus, Pur  was observed by light microscopic study as gran-
the granule contained the machinery for the protein syn- ules that varied both in size and intensity, and they were
thesis together with the translational regulators as well indicated to be large but not uniform (Figure 4). Indeed,
as the RNAs to be transported and the RNA-trans- the size of the granules ranged broadly up to 1000S or
porting proteins. more, although they might have been partially degraded
during sample preparation (Figure 2C). Regarding the
size of the RNA-transporting granules, Krichevsky andDiscussion
Kosik isolated staufen-containing granules of 200 nm
in diameter from cultured rat neurons (Krichevsky andWe have shown that KIF5 transports RNA via an RNase-
sensitive granule with a large size of 1000S or more. In Kosik, 2001), Barbarese estimated the radius of MBP
mRNA granules to be 600–800 nm (Barbarese et al.,the granule, we identified a total of 42 proteins together
with mRNAs for CaMKII and Arc and extensively inves- 1995), and Wilsch-Brauninger found the bicoid mRNA
being associated with large “sponge bodies” in Dro-tigated 17 of the proteins, including staufen, FMRPs,
and EF-1. sophila oocytes (Wilsch-Brauninger et al., 1997). A gran-
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Figure 7. Enhanced and Suppressed Transport of the Granules by
Overexpression of KIF5 and Its Dominant-Negative Mutant
We transfected YFP-Pur  to cultured neurons with CFP-KIF5A,
CFP-N1, CFP-C1, or pBluescript (pBS). A statistical study of the
farthest transported distances of YFP-Pur -containing granules
(bars) in 120 cells is graphed in the lower-right. KIF5A and N1
enhanced and suppressed the distally directed transport of the Pur
-containing granules, respectively. Arrowheads, YFP-Pur -contain-
ing granules in the dendrites; arrows, CFP-KIF5A in the axon. Scale Figure 8. Knockdown of the Identified Proteins by RNAi
bar, 50 m. RNAi study for hnRNP-U, Pur , PSF, staufen, DDX3, and SYNCRIP
in cultured neurons; monitoring target proteins (red) and transport
of CaMKII3-UTR (green, GFP-MS2-nls and RSV-MS2-CaMKII 3-
UTR vectors) (Rook et al., 2000), respectively. DIC images and nega-ule 200 nm in diameter is 100–1000 times larger than
tive controls having the same nucleotide compositions are shownsynaptic vesicles (45 nm) or ribosomes (20 nm) in mass
for those suppressing RNA transport. Since siRNAs for Pur  and(4.5–10 times in diameter). Thus, our estimation of the
PSF have the same nucleotide composition, we used the sameS value of the granule (1000S) being more than 12
control siRNA for these proteins. The control siRNAs showed few,
times as large as synaptic vesicles (115S) or ribosomes if any, effects on the amount of the proteins or the transport of
(80S) should be convincing. Recently, 440/670 KDa RNA. A statistical study of the farthest transported distances of the
CaMKII 3-UTR-containing granules in 100 cells is graphed in thestaufen-containing ribonucleoprotein particles have
lower panel. Scale bar, 50 m.been reported (Mallardo et al., 2003). However, consid-
ering the larger molecular weights of the mRNAs (CaM-
KII: 4.6 Kbp  1.4 MDa; MAP2: 9 Kbp  2.7 MDa), the
particles seem to be too small to carry even a single ized by their major localization: cytoplasm or nucleus.
Information about the involvement in the transport of“cargo” mRNA.
RNA should be added when more data have accumu-
lated. Interestingly, RNase-resistant bindings were ob-Classification of the Proteins in the Granule
We classified the identified proteins into the three served only among proteins in the same class and distri-
bution (class A, cytoplasm: Pur /Pur ; class C,classes (A to C, Figure 3D) according to their dissocia-
tion condition from KIF5. They were further subcategor- cytoplasm: DDX1/CGI-99/EF-1; and class C, nucleus:
Kinesin Transports RNA
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Table 1. Identified Proteins in the RNA-Transporting Granules
Function/Type (Number) Protein Name
RNA transport (6) FMR1, FXR1, FXR2, Pur , Pur , staufen
Protein synthesis (6) EF-1, eIF2, eIF2, eIF2
, Hsp70, ribosomal protein L3
RNA helicases (3) DDX1, DDX3, DDX5
hnRNPs (5) hnRNP-A/B, hnRNP-A0, hnRNP-A1, hnRNP-D, hnRNP-U,
Other RNA associated (12) ADP-ribosylation factor guanine nucleotide factor 6, ALY, cold inducible RNA binding
protein, EWS, NonO, Nucleolin, paraspeckle protein 1, PSF, RNA 3-terminal phosphate
cyclase, RNA binding motif protein 3, SYNCRIP, TLS
Other known proteins (3) Ser/Thr kinase receptor associated protein, TRIM2, TRIM3
Hypothetical proteins (7) CGI-99, FLJ38426, HSPC-117, zfp385, 2610528C06Rik, 5730436H21Rik, 6720458F09Rik
A total of 42 proteins were identified. Proteins that were investigated in this work are shown in bold. See also Supplemental Figure S4 for
their accession numbers [http://www.neuron.org/cgi/content/full/43/4/513/DC1].
PSF/NonO). Thus, our classification could be the basis Comparison of the proteins in the granules among tis-
sues with active RNA transport would be helpful forfor elucidation of the binding relationship among the
proteins in the granule. this classification.
It is important to identify the “adaptor” protein be-
tween kinesin and the granule. Although class A proteins Concluding Remarks
would be the candidates for the adaptor, no major pro- Most studies concerning RNA transport have been un-
tein was efficiently pulled down in the presence of RNase dertaken by identifying the RNA-transporting proteins
and so we have not yet determined it. Since RNA medi- one by one or by investigating established proteins or
ates the function of certain RNA-associated proteins, RNAs, such as staufen, hnRNP-A2, and the mRNAs for
such as Pur  (Gallia et al., 1999), we need to consider CaMKII and MAP2. Here, we have developed a method
the role of RNA in KIF5-granule binding. for isolating the RNA-transporting granule, which was
found to be associated with kinesin and contained the
How Many Kinds of Proteins Form the Granule? RNA-transporting proteins together with the machinery
We identified 34 proteins from the major 67 spots by 2D- for protein synthesis and the regulators for translation,
MS/MS (see Supplemental Figure S4 [http://www.neuron. presumably, for the expression of proteins at the proper
org/cgi/content/full/43/4/513/DC1]). Since only parts of place and time.
the proteins were separated on the 2D-PAGE (MW 100 Identification, classification, binding relationship, and
KDa; PI: 3–10) and single proteins appeared as multiple functional analysis of the proteins/RNAs in the granule
spots (e.g., Pur  was identified in five major spots by are undoubtedly important; however, a comprehensive
MS/MS and in ten or more immunologically [data not investigation of them would be indispensable for reveal-
shown]), it is difficult to estimate the number of kinds ing the mechanism of RNA transport. Are different RNAs
of proteins in the granule. Nevertheless, we assume 100 transported on the same granules? How do they recognize
or more exist, even excepting ribosomal proteins (80 their destination? Some granules showed processive
proteins, most of whose PIs are larger than 10). movement, while others showed rapid back-and-forth
Does such a large number of proteins form a single vibration (Figure 6). Does the movement pattern differ
granule? We found major and minor proteins in the gran- among RNAs? Finally, investigation of the dendrite-spe-
ules from mouse brain composed of many types of cells. cific transport of the granules will be a challenging sub-
Each cell will transport its own RNA set, and individual ject but should yield some clues to the question about
RNA should be properly delivered and translated (Stew- what determines the difference between axons and den-
ard and Worley, 2001). We thus think that there are drites (Hirokawa et al., 1996; Kanai and Hirokawa, 1995;
two types of proteins: the common ones for the RNA- Nakata and Hirokawa, 2003).
transporting granules and the specialized ones for cell
types or RNAs. Indeed, we identified several family pro-
Experimental Procedures
teins, such as DEAD-box proteins (DDX1, -3, and -5),
FMRPs (FMR1, FXR1, and FXR2), hnRNP-A family Clones and Antibodies
We had previously obtained the clones for KIF5s (Kanai et al., 2000).(hnRNP-A/B, -A0, and -A1) and TRIMs (TRIM2 and -3).
Other cDNAs were isolated using conventional plaque hybridizationRegarding the DDX proteins, vasa and Me31B (Drosoph-
or were amplified by PCR using KOD-Plus (Toyobo) from a mouseila homologs of DDX4 and -6, respectively) form a RNP
brain cDNA library (Kanai et al., 1989). We generated GST (pGEX-complex with osk and BicD RNAs and mediate their
4T3; Stratagene), GFP, YFP, and CFP (Clontech) fusion constructs
translational silencing during transport to oocytes (Breit- using standard methods. We used Effectene (Qiagen) in the trans-
wieser et al., 1996; Nakamura et al., 2001). The presence fection studies according to the manufacturer’s instruction.
The antibodies against KIF5s and KIF3B were also obtained pre-of different DDX proteins in different tissues (brain:
viously (Kanai et al., 2000; Yamazaki et al., 1995). We purchased theDDX1, -3, and -5; oocytes: DDX4 and -6) suggests multi-
antibodies against BiP (BD Biosciences; clone 40), EF-1 (Upstateple regulatory pathways for translation; a certain mRNA
Biotechnology; clone CBP-KK1), p38 (MBL; clone 171B5),in a certain kind of cell would select its partner DDX
U1snRNP-70 (Santa Cruz; C-18), and digoxigenin (Roche) commer-
protein(s) for its proper translation. Thus, each granule cially. A polyclonal antibody against mouse staufen was generated
may contain the common proteins together with the against a recombinant protein corresponding to its 1–328 amino
acid sequence using the pET21a vector. We used the syntheticoptimized protein set(s) for the RNA(s) to be transported.
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peptides for the C-terminal 17 residues to raise the rest of the TTGGTCTGGAA; GAPDH, TGGAGATTGTTGCCATCAACGA and
GGTCATGAGCCCTTCCACAA.polyclonal antibodies (hnRNP-U, Pur proteins, PSF, DDX1, DDX3,
SYNCRIP, TLS, NonO, HSPC117, ALY, CGI-99, FMR1, FXR1, and
FXR2). Hippocampal Cell Culture
We cultured hippocampal neurons from E16 mouse embryos in
MEM supplemented with 1 mM pyruvic acid, 0.6% glucose, andPull-Down Study and Protein Identification
B27 (Gibco) (Goslin et al., 1998). We used adult primary hippocampalWe produced the recombinant GST-fused proteins by a standard
neurons (stage 5) for the light microscopic studies that followed.E. coli expression system (BL21-DE3). The proteins were purified
using glutathione-Sepharose 4B beads (Pharmacia) to make affinity
columns (Nakagawa et al., 2000). We homogenized mouse brains Immunofluorescence
in IMAC (20 mM HEPES [pH 7.4], 140 mM potassium acetate, 1 mM
magnesium acetate, 1 mM EGTA, supplemented with protease in- We performed immunostaining of brain sections and cultured neu-
hibitors) containing 100 U/ml RNase inhibitor (Ambion). In some rons using a standard protocol (Kanai and Hirokawa, 1995; Kanai
experiments, we added 10 g/ml RNase A (Sigma) instead of the et al., 2000). In brief, cells fixed with 4% paraformaldehyde in 0.1 M
RNase inhibitor, 1 mg/ml heparin (Sigma), or 10 mg/ml yeast tRNA phosphate buffer (pH 7.2) were permeabilized with 0.1% Triton
(Roche) as described in the text. We precleared fraction S2 of this X-100 in PBS. In treatments with pepsin, we incubated the fixed
homogenate (described below) with glutathione-Sepharose 4B cells in 1 mg/ml pepsin in 0.2 M HCl for 1 min (Fukaya and Watanabe,
beads, which was then applied to the affinity columns. The columns 2000). For double staining of KIF5A and Pur , we removed free and
were washed with IMAC followed by elution with a high-salt buffer membrane bound kinesin by permeabilizing cells with 0.1% Triton
(0.5 M NaCl, if not otherwise noted). X-100 in the microtubule stabilizing buffer (60 mM PIPES, 25 mM
To identify the proteins separated on PAGE gels, bands excised HEPES, 10 mM EGTA, 2.5 mM MgCl2, 10 M Taxol) for 5 min before
and digested with trypsin (Roche) or Achromobacter protease (API; fixation using 4% paraformaldehyde in the same buffer. We added
a gift from Dr. Masaki, Ibaraki University) (Masaki et al., 1981) were RNase (10 g/ml) to the permeabilizing buffer to investigate the
subjected to a 4700 Proteomics Analyzer (Applied Biosystem) or effect of RNase on the Pur -containing granules. We then incubated
peptide sequencing. the cells with the first antibodies in 2% skim milk in PBS, followed
by the Alexa-conjugated second antibodies (Molecular Probes). For
double staining using polyclonal antibodies with anti-Pur antibody,Subcellular Fractionation and Immunoprecipitation
we used Alexa 488-conjugated anti-Pur  labeled with Alexa FluorDifferential Centrifugation
(Molecular Probes) as the third antibody in 1% skim milk and 10%The supernatant after centrifugation of mouse brain total homoge-
normal rabbit serum in PBS.nate in IMAC at 1000  g for 10 min was S1. The supernatant of S1
RNA Visualizationcentrifuged at 10,000  g for 10 min was S2. The supernatant and
We used the following cDNA fragments for the RNA probes: CaMKIIpellet of S2 obtained by centrifugation at 100,000  g for 1 hr were
142-313, Arc 635-803, and -tubulin 808-976. We synthesized anti-S3 and P3, respectively. To investigate the effect of detergent or
sense and sense RNA probes labeled with digoxigenin using anRNase, we incubated fraction S2 on ice for 2 hr with or without
Ampliscribe Transcription Kit (Epicentre) and Dig-11-UTP (Roche).Triton X-100 (1%) or RNase A (10 g/ml) before separation into S3
Cultured neurons were fixed with 4% paraformaldehyde in PBSand P3.
containing 5 mM MgCl2 (PBSM) and permeabilized with 0.1% TritonFloatation Assay
X-100 in PBSM. Cells, prehybridized in a hybridization buffer (30%Sucrose layers (0%, 40%, 50% with fraction S2, and 70% sucrose
formamide, 2 SSC, 10% dextran sulfate, 10 mM NaH2PO4, 250 g/in IMAC) were centrifuged using an SW40Ti rotor (Beckman) at
ml yeast tRNA and 100 g/ml denatured herring sperm DNA) at 48C40,000 rpm at 4C for 8 hr. We examined the borders between the
for 2 hr, were hybridized with denatured RNA probes in the samelayers (0/40, 0% and 40%; 40/50, 40% and 50%; 50/70, 50% and
buffer at 48C overnight. Cells were washed with 2 SSC containing70%) and the sample-loaded layer (50% [load]).
30% formamide, followed by 2 SSC at 48C, and were then doubleSucrose Velocity Gradient
stained by the antibodies against digoxigenin and Pur  as de-Fraction S2 of mouse brain with or without detergent (1% Triton
scribed above.X-100 together with 1% Chaps to exclude possible Triton X-100-
Observationinsoluble vesicles) and RNase A (10 g/ml) laid over a 15%–30%
We observed the cells under an LSM-510 confocal laser-scanningsucrose gradient on a 70% sucrose cushion was centrifuged using
microscope equipped with a Plan Neofluar 40/1.30 lens (Zeiss).the SW40Ti rotor at 40,000 rpm at 4C for 0.5, 1, or 6 hr. We collected
fractions from the bottom.
Movement of Granules in NeuronsNuclear Preparation
Six hours after transfection with GFP-Pur , we observed the neu-We purified nuclei from mouse brain according to the methods of
rons under a TS-100 inverted microscope (Nikon) equipped withWidnell and Tata (1964).
an S-Fluor 40/0.90 lens and an ORCA-100 cooled digital cameraImmunoprecipitation
(Hamamatsu Photonics). We obtained images every 20 s using theWe precleared the fraction S2 of mouse brain with Protein A Sepha-
IPLab software (Scanalytics).rose Fast Flow (Pharmacia) immediately in the presence of an RNase
inhibitor or after treatment with RNase on ice for 10 hr. The pre-
cleared fraction was subjected to immunoprecipitation using Protein Overexpression/Dominant-Negative Mutant Study
A microbeads (Miltenyi Biotech) according to the manufacturer’s in- We transfected YFP-Pur  (0.1 g) to cultured neurons with CFP-
struction. tagged constructs (KIF5A, N1, or C1) or pBluescript (0.9 g).
Preparation of Total RNA We observed the cells 24 hr later under a TS-100 microscope and
We used RNA-Bee (Tel-Test) to purify total RNA. measured the farthest transported distances of YFP-Pur -con-
Immunoblotting taining granule from the root of the dendrite in 120 transfected
We performed immunoblotting according to a standard protocol as cells/construct.
previously described (Kanai et al., 1992).
RNAi
siRNAs corresponding to Pur , hnRNP-U, PSF, DDX3, SYNCRIP,RT-PCR
We isolated mRNAs from the pull-down samples and mouse brain staufen, and controls were synthesized by Dhamacon. The se-
quences of the siRNAs were as follows. Pur , 5-(AA)CAAGCGUUUusing a MACS mRNA isolation kit (Miltenyi Biotech). cDNAs were
generated using a Time Saver cDNA kit (Pharmacia) and then were CUACCUGGAC-3; hnRNP-U, 5-(AA)GAUCAUGGCCGAGGGUAUU-
3; PSF, 5-(AA)CGAACUUUUGGAAGAGGCC-3; DDX3, 5-(AA)CGAsubjected to RT-PCR. The primers used were as follows: CaMKII,
ACCATTGAGGACGAAGACAC and GAAGTGGACGATCTGCCATT; UUGGAACAGGAACUCU-3; SYNCRIP, 5-(AA)GUGCUGUUUGUAC
GCAACC-3; staufen, 5-(AA)GGUUGGAGGUAAAUGGAAG-3. WeArc, AGAAGTCTTTGCTGCCATGTC and GAGGTTTCAGCTGGGCA
ATC; -tubulin, ACTATGCCCGTGGCCACTAC and GGGTACCAGG used siRNAs having the same nucleotide composition (e.g., c-Pur
Kinesin Transports RNA
523
, 5-(AA)CAGGUCCAUCUUUGCGAAC-3, reverse sequence) as Translocation of myelin basic protein mRNA in oligodendrocytes
requires microtubules and kinesin. Cell Motil. Cytoskeleton 38,negative controls for those suppressing the transport of RNA (Pur
, hnRNP-U, PSF, and staufen). Since the siRNAs for Pur  and PSF 318–328.
have the same nucleotide composition as each other, we used c-Pur Carson, J.H., Cui, H., and Barbarese, E. (2001). The balance of power
 as the control for PSF. We transfected siRNA (0.5 g) to cultured in RNA trafficking. Curr. Opin. Neurobiol. 11, 558–563.
neurons with GFP-MS2-nls (0.25 g) and RSV-MS2-CaMKII 3-
Casadio, A., Martin, K.C., Giustetto, M., Zhu, H., Chen, M., Bartsch,UTR (0.25 g) vectors (Rook et al., 2000) as described above. Cells
D., Bailey, C.H., and Kandel, E.R. (1999). A transient, neuron-widefixed 48 hr later were stained with antibodies against the suppressed
form of CREB-mediated long-term facilitation can be stabilized atproteins. We measured the farthest transported distances of
specific synapses by local protein synthesis. Cell 99, 221–237.CaMKII 3-UTR in 100 transfected cells/siRNA. The transfection
Chanas-Sacre, G., Mazy-Servais, C., Wattiez, R., Pirard, S., Rogister,efficiency was 0.1%–0.5%.
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